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Time-resolved photoluminescence spectroscopy has been used to probe carrier relaxation dynamics of
defect emission from ZnO nanostructures of different size and shape. The radiative recombination
through the trap states is found to slow down continuously with increasing particle diameters
(65 nm) and shows saturation behaviors for larger particles. Intriguingly, the photoluminescence decay
for nanorods is observed to be considerably faster as compared to nanoparticles of comparable diameters,
which is more apparent for lower energy decays. This effect is assigned to modulation of defect densities
and appearance of topological surface states upon shape transitions of spherical nanoparticles to aniso-
tropic nanorods.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nanometer-size semiconductor particles, rods, nanobelts, wires,
tubes, and tetrapods exhibit electronic and optical properties that
depend on their size, shape, and surface morphology [1]. Zinc oxide
is one of the important semiconductor oxide materials, with direct
wide band gap (3.37 eV) and large exciton binging energy
(60 meV), and have tremendous applications in nanoscale elec-
tronic and photonic devices applications [2–4]. However, nano-
crystalline ZnO severely suffer from the drawbacks of multiple
surface related [5] and internal bulk defects [6] which drastically
limit its applications. In the past decade, various chemical and
physical methods used to produce ZnO nanocrystals (NCs) have
been found to show strong visible emission (in the green-yellow-
orange region) associated with surface defects, [7–8] in addition
to the expected excitonic transitions in the UV (P3.2 eV). Although
the exact nature of the associated defects are still ambiguous, it is
generally believed that intrinsic defects like oxygen vacancy, zinc
vacancy, and other surface related defects like dangling bonds, hy-
droxo or peroxo linkages are responsible for the visible PL emission
[9–12]. It has been shown that the broad visible emission band and
the narrow near-band gap (NBG) UV emission arise from compet-
ing radiative recombination process; the visible emission is prom-
inent due to efficient carrier recombination through defect
mediated trap states, while crystalline regularity augments the
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intensities of NBG emission while simultaneously lowering the
efficiency of visible emission. The relative intensities of the NBG
and visible emission has been shown to depend on the size, shape,
surface states and defect density in the nanostructures [13–15].

In ZnO nanostructures, while the visible emission is undesirable
for near-UV emitting devices, the defect luminescence, which is
predominant in most nanoscale ZnO materials, has importance in
applications like gas sensing [16], catalysis [1], cell-labeling [17],
and high efficiency green phosphor [18]. Therefore, investigating
the nature of surface related defects is of immense interest for both
fundamental scientific point of view and for further development
of various nanostructures in accordance with their applications,
such as those using spherical nanoparticles (NPs) and 1-D nano-
rods (NRs). It is therefore important to understand free carrier
mobility and carrier-recombination lifetimes in such nanostruc-
tures since they produce sub-band gap states which function as
energetic traps for charge carriers (electrons or holes) [19]. In this
context, shape, size and exposed surface of semiconductor nanom-
aterials have a decisive role in the PL emission behaviors [3,13,20].
Even though there are several reports on the NBG charge carrier
dynamics (in the UV) for ZnO NCs of different shapes (such as
spherical particles, 1-D wires/rods, tetrapods etc.) [3,21], studies
on the radiative recombination dynamics mediated by the defect
states (i.e. in visible region) is far less prevalent. Recently, the de-
fect related emission has been studied by Zhang et al. [13] wherein
the visible luminescence mechanism for ZnO was shown to be
dependent on both crystal size as well as type and density of de-
fects. On the other hand, Mehl et al. [22] have studied local
nanoenvironment dependent defect dynamics within single ZnO
microrods, which further demonstrated that the ends of the rods
display diverse carrier recombination dynamics as compared to
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the interior regions. However, it is still unclear how the carrier
relaxation dynamics through the defect states are modulated with
dimensions of ZnO nanostructures, especially in the context of
shape transition from NPs to NRs.

In this work, we have synthesized size-selected ZnO NPs and
NRs (with diameters comparable to the largest NPs) using a simple
solution route and studied the changes in optoelectronic behaviors
upon transformation of spherical to elongated nanostructures. The
crystalline and structural morphologies were characterized by XRD
and transmission electron microscopy (TEM), which shows the for-
mation of NPs of various diameters and 1D NRs with preferential
growth along the [0001] direction. Emission energy dependent
time-resolved PL decay measurements on NPs and NRs show that
the carrier recombination dynamics involving the trap states are
affected by the size and shape of ZnO nanostructures in a very con-
trasting manner.
2. Materials and methods

2.1. Synthesis of ZnO nanoparticles and nanorods

Colloidal ZnO NPs were synthesized following previously pub-
lished report with modifications [5]. Briefly, 0.346 g of KOH (Merck
85%) was refluxed in 30 mL of methanol (Spectrochem, Mumbai In-
dia 99.8%) at 60 �C for 45–60 min. In a separate mixture, 10 mL
electronic grade methanol with 0.192 g Zn(OAc)2�2H2O (Loba Che-
mie, 98%) was prepared. The zinc acetate precursor was then added
to the refluxing KOH solution maintained at 60 �C and was stirred
vigorously for 3 h. The colloidal NCs were then precipitated and
washed thoroughly with Millipore water and then vacuum dried
at 30 �C overnight. ZnO NRs were synthesized using a two steps
procedure: first, NPs were prepared as prescribed above, but were
allowed to grow only for 1 h. Second, an equimolar (1 mM) mixture
of zinc nitrate hexahydrate (Zn(NO3)2�6H2O) (Merck, 96%) and
hexamethylenetetramine (C6H12N4) (Analytical Rasayan, S.D Fine-
Chem Limited, 99.5%) was prepared in Millipore water. Sixty milli-
liters of this complex mixture was then directly added to 2 ml as-
prepared ZnO sols in Teflon lined autoclave. The autoclave was
sealed and heated at 105 �C for 4 h and then cooled at room tem-
perature overnight. For synthesis of larger NRs, the temperature
of the autoclave was raised to 120 �C and was kept heated for
6 h. The precipitated sample was centrifuged, washed several
times with Millipore water, and vacuum dried at 30 �C for 24 h.
The ZnO nanostructures produced can be re-dispersed in methanol
for TEM and other optical measurements.

2.2. Structural characterization

The powder X-ray diffraction (XRD) was performed on a Philips
powder diffractometer PW3040/60 with CuKa radiation
(k = 1.5418 Å). The 2h angle used in the measurement was 10–
70�. The size and morphology of all the products were determined
using a field emission gun transmission electron microscopy (TEM)
(JEOL-JEM 2100) at an accelerating voltage 200 kV. UV–vis absorp-
tion spectra were recorded using a JASCO-V530 absorption spec-
trophotometer. The steady-state photoluminescence spectra were
recorded by fluorescence spectrophotometer (Varian Carry with
Eclipse) using an excitation wavelength 325 nm.

2.3. Time-resolved photoluminescence spectroscopy

Time-resolved PL (TRPL) measurements were performed on a
time correlated single photon counting (TCSPC) system (IBH, UK)
at room temperature in solution in a 1 cm quartz cuvette. The exci-
tation wavelength was 295 nm (Nano LED 295) with the detector
response less than 750 ps. The PL decays were collected with an
emission polarizer at a magic angle (54.7�) and analysed using
IBH DAS 6.2. The data was best fitted biexponentially using the
iterative reconvolution method: IðtÞ ¼ a1 expð�t=s1Þ þ a2 exp
ð�t=s2Þ where

P
ai is normalized to unity. The noise is of Poisso-

nian statistics for TRPL obtained by TCSPC technique, and the
numerical fit with reduced v2

6 1.2. The residuals (data not
shown) are of random noise distributed around zero, indicating
good bi-exponential fits.
3. Results and discussion

3.1. Growth and morphology of ZnO nanocrystals

Figure 1a shows the TEM image of nearly spherical ZnO NPs of
diameters 6–9 nm with mean particle sizes 7.5 nm. The size distri-
bution from TEM is shown in Figure 1b along with a high-resolu-
tion TEM (HR-TEM) image (inset) indicating nearly spherical
nature of NPs. The TEM image of NRs (Figure 1c) shows that the
diameter between 8 and 11 nm, while length varies from 25–
50 nm. The mean diameter (d) of the NRs is �9.5 nm as obtained
from the TEM diameter distribution (Figure 1d). The HR-TEM im-
age (inset of Figure 1d) of ZnO NR show lattice fringes with inter
planner distance of �0.26 nm (shown using arrows), indicating
that (002) plane is the preferred growth direction for NRs forma-
tion [21]. XRD patterns of both ZnO NPs and NRs (Figure 1e) are
found to be consistent with HR-TEM data and all the diffraction
peaks are indexed to hexagonal Wurtzite phase. From Figure 1e,
it is clear that upon transition from spherical NPs to NRs, the
(002) plane becomes more prominent. Moreover, the relative
line-width of (002) peak decreases continuously from NPs to
NRs (i.e., with increasing aspect ratio, l/d, where l and d is the
length and diameter of the NRs, respectively), which indicates a
preferential growth process along the polar c-axis, i.e., [0001]
direction. This anisotropic growth of the NRs along the c-axis has
been explained by oriented-attachment kinetics of NP aggregation
where spontaneous self-organization of adjacent particles occurs
such a way that they share a common crystallographic orientation
followed by joining of these particles at planar interface [23,24].
3.2. Steady state absorption and photoluminescence

The optical absorption and PL spectra of ZnO NPs and NRs dis-
persed in methanol are shown in Figure 2a and b, and the corre-
sponding spectral peak positions are listed in Table 1. From the
absorption spectra of NPs as well as NRs, it is evident that excitonic
absorption maxima are blue-shifted from their bulk counterpart
(�370 nm), indicative of a weak quantum-confinement. The PL
emission spectra of ZnO NCs consist of two emission bands: a
sharp transition in the UV and a broad band in the visible range
(400–700 nm), the peak positions for both of which red-shift sys-
tematically with NC dimensions (Table 1). The narrow UV emission
band is due to excitonic recombination of electrons near the con-
duction band with holes near the valence band. Smaller ZnO NPs
(2–5 nm diameters) show an intense defect mediated visible emis-
sion (typically quantum yield of �0.1) along with a very weak NBG
transition (Figure 2a, inset). However, for NPs beyond�8 nm diam-
eters, there is a significant enhancement of the UV transition effi-
ciency and concomitant reduction of the visible emission
quantum-yield (�0.05). On transition from NPs to NRs (with simi-
lar diameters), the relative intensity of visible emission is further
lowered with simultaneous enhancement of the excitonic band.
This effect is more pronounced for longer NRs with a higher aspect
ratio (Figure 2b, inset). Such a dramatic reduction of the visible
emission intensity for the NR suggests that the density of defects



Figure 1. Characterization of ZnO NPs and NRs. TEM images of (a) spherical ZnO NPs, (b) elongated ZnO NRs. TEM diameter distributions for (c) NPs and (d) NRs along with
HR-TEM images (insets) showing lattice fringes. The inter-planar distance for NRs is �0.26 nm (marked using arrows) indicating preferential growth along [0001] direction.
(e) XRD patterns of NPs (bottom panel), NRs with l/d �2–5 (middle panel) and l/d > 5 (upper panel), showing both ZnO NPs and NRs have wurtzite structure.

Figure 2. Steady-state optical absorption and PL emission spectra (normalized) of (a) ZnO NPs and (b) ZnO NRs. Changes in the absorption and emission spectra with
variation in (a) NP size and (b) for NRs of higher aspect ratio (l/d > 5) are shown in the inset.

Table 1
Absorption and emission maxima for ZnO NPs and NRs in methanol.

Mean particle diameter
(nm)

kmaxðAbs:Þ
(nm)

kem
maxðUVÞ

(nm)
kem

maxðVisÞ
(nm)

1.8 290 – 488
2.2 305 – 505
3.0 316 340 520
5.0 330 358 534
8.0 336 367 538

Nanorod aspect ratio (l/d)
2–5 357 382 570
5–8 368 386 586
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is considerably lowered for the NRs. Moreover, both the UV and
visible PL emission envelope show a red-shift for NRs as compared
to NPs, which is ascribed to band-gap reduction as NPs coarsen to
longer NRs. Therefore, the size, shape (or aspect ratio, l/d) and de-
fect densities play an important role in controlling the energies and
intensities of the visible emission of ZnO NCs.

In principle, the low energy (visible) trap emission could origi-
nate from either surface defects (i.e., dangling bonds, hydroxyl
groups) or imperfection in the crystals lattice including extrinsic
(impurities) and intrinsic lattice defects (point defects etc.). For in-
stance, the visible PL emission has been ascribed to the presence of
native defect centers such as zinc vacancy (VZn), zinc interstitial
(Zni), oxygen vacancy (Vo

+), oxygen interstitial (Oi), anti site oxy-
gen (OZn) etc., as well as to surface related defects as mentioned
earlier [11,25–27]. Nonetheless, all these trap states lie within
the valence and conduction band of ZnO and significantly influ-
ences the carrier relaxation dynamics within the NCs [19].



Figure 4. Emission energy dependent TRPL decay traces of (a) ZnO NPs (d �8 nm)
and (b) ZnO NRs (d �10 nm, l/d �2–5) dispersed in methanol. The smooth solid
lines represent the best fits to the PL decay using a biexponential function. IRF
represents the instruments response function.

Table 2a
PL Decay parameters of ZnO NPs (d �8 nm) dispersed in methanol.
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Although the relative intensity of the visible emission reduces with
increasing particle size, the red-shift of the entire emission enve-
lope indicates that the defect energy levels shift alongside the
valence and conduction bands with the extent of quantum confine-
ment (i.e. with particle size). Recent studies have shown that this
visible luminescence in ZnO is intrinsically broad near single-
particle levels [5]. This suggests that inhomogeneities of defect
environment within individual nanostructures, rather than size-
variations among NPs (or NRs), are responsible for such a broad
visible emission [22]. Therefore, the surface chemistry and shape
of the ZnO NCs can be expected to play a crucial role in carrier
recombination processes through the defect states.

3.3. Time resolved photoluminescence decay

In order to probe the relaxation pathways of charge carriers in
these defect states and how they are affected by the NC size and
shape, we have performed emission energy dependent TRPL mea-
surements for ZnO NPs of various diameters as well as for NRs (Fig-
ures 3a and 4). The TRPL traces obtained at various emission
energies are found to be non-exponential (with multiple decay
components) and needed hundreds of nanoseconds for complete
deactivation, indicating the deep trap nature of the defect states.
However, for both NPs and NRs, the decay traces collected up to
�50 ns could be fit to bi-exponential functions, with well sepa-
rated time constants. Therefore, we focus on the initial PL decay
dynamics up to �50 ns. The parameters (s1, a1, s2, a2) derived from
the analyses of TRPL data for NPs and NRs is shown in Figure 3b
and Tables 2a and b.

First, TRPL decay traces were collected at a particular wave-
length (kem = 520 nm) for different spherical ZnO NPs (Figure 3a).
These measurements show that the PL decay gradually becomes
Figure 3. (a) TRPL decay of spherical size-selected spherical ZnO NPs and the best
fit (smooth solid lines) to the experimental data using a biexponential function. (b)
The variation of the PL lifetime components (filled symbols) and corresponding
relative contributions (open symbols) plotted as a function NP diameters.

kem (nm) s1 (ns) a1 s2 (ns) a2 v2

480 2.1 0.48 24.8 0.52 1.15
520 2.6 0.26 25.2 0.74 1.12
560 2.8 0.23 26 0.77 1.10

Table 2b
PL Decay parameters of ZnO NRs (l/d �2–5) dispersed in methanol.

kem (nm) s1 (ns) a1 s2 (ns) a2 v2

480 1.5 0.57 14.2 0.43 1.01
520 1.8 0.87 15.4 0.13 1.02
560 1.9 0.91 16.3 0.09 1.10
slower as the NP sizes increase from �1.8 to 5 nm, while there is
negligible change in decay profiles for NPs larger than �5 nm. Fig-
ure 3b shows the variation of the two decay components (s1 and
s2) and their relative contributions (a1 and a2) as a function of
NP diameters. Both the decay components (filled symbols) are
found to increase with increasing particle size, and shows satura-
tion tendencies at the weak confinement regimes (d > 5 nm). How-
ever, the relative contributions (a1 and a2, open symbols) for the
fast (s1) and slow (s2) component show a reverse trend. For the
smallest NPs (d �2 nm) the contribution from s1 is dominant,
while the slow component becomes major contributing for large
NPs (d > �4 nm). Unambiguous assignment of s 1 and s 2 to recom-
bination processes with distinct transition energies is non-trivial
because of continuous distribution of sub-band trap states and
changing defect density with NP diameters. Nonetheless, the faster
PL decay for the smallest NPs (�1.8 nm) and its sensitivity towards
slight increment of particle diameters from �2 to 3 nm is
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indicative of strong coupling between the excitons and surface de-
fect states in the strong confinement regime (d 6 2a0, where a0 is
exciton Bohr radius). The continuous increase of PL lifetimes with
increasing NP diameters (2–5 nm) is likely due to dramatic reduc-
tion in this coupling as the diameters become larger than exciton
Bohr diameter [28]. Moreover, the PL decay traces being unaffected
by particle diameters beyond �5 nm is consistent with the ZnO in
weak confinement regimes (d� 2a0) where the energetic depen-
dence of particle diameters is also negligible.

To provide insight into the effect of shape transition from spher-
ical to 1-D NCs, emission energy dependent TRPL traces (Figure 4a
and b) were obtained for the largest NPs (�8 nm) and for NRs of
comparable diameter (�10 nm). Contrary to expectations, the PL
decay for the NRs is considerably faster than that of the NPs at
all the emission energies, which is also reflected in the evaluated
decay parameters (Table 2). Interestingly, the faster PL decay for
the NRs is not due to lower values of times constants; s1 is similar
and s2 is slightly lower for NRs (�15 ns) as compared to NPs
(�25 ns). Rather, the contributions (a1 and a2) to the time-con-
stants are considerably different for NPs and NRs, more so at lower
emission energies (520 and 560 nm). In addition, there is nominal
energy dependent variation of time-constants for both NPs and
NRs, while the respective contribution factors change substantially
and show a reverse trend. For NPs, a1 and a2 are comparable
(�50%) at kem = 480 nm, while a2 is larger (�77%) at lower emis-
sion energy (kem �560 nm). However, contrasting emission energy
dependence is observed for the NRs; the fast component (s1) is al-
ways found to be the preferred recombination channel, the contri-
bution for which becomes overwhelming at lower emission
energies (520 and 560 nm). Therefore, the TRPL results demon-
strate that: (1) with increasing size (d �2–8 nm) of spherical NPs,
PL decay become considerably slower, (2) the PL decay for the
NRs is faster than NPs of comparable diameters, irrespective of
emission energies; (3) the relative contributions from the slow de-
cay component becomes increasingly dominant for the NPs at low-
er emission energies, while for the NRs, the trend is the reversed.

Following excitation in the band gap, several different transi-
tions are responsible for trap emission: (i) donor recombination
with a positively charged hole in the valence band (D–h+), (ii)
acceptor recombination with an electron in the conduction band
(A–e�), and (iii) recombination between an electron localized on
a donor with a hole localized on an acceptor, known as donor
acceptor pair. It is observed that with increasing particle size, the
emission lifetime increases (Figure 3). For semiconductor NCs,
the recombination rate of trapped charge carriers is proportional
to the square of wavefunction overlap [28]. For smaller particles
charge carriers are closer together and hence more effective wave-
function overlap which results in higher oscillator strength. There-
fore, the smaller the nanocrystal size, the faster is the
recombination rate. The energy dependence of the recombination
rate of trap emission (i.e. faster PL decay at higher energies) has
been reported for ZnO and other semiconductor NCs, which is
attributed to strong Coulomb force between charge carriers [29].

For ZnO NCs, trap emission has two distinct time constants as
evaluated from the TRPL data (Table 2). The faster decay compo-
nent (s1) is either due to radiative recombination of shallowly
trapped electrons and deep trap holes or due to the recombination
of donor acceptor pair. When the PL decay of the two ZnO nano-
structures is compared, it is found that the decay for ZnO NPs
was slower than that for the ZnO NRs. This may be ascribed to
more efficient trapping of the charge carriers due to high density
of defects in NPs. This is likely because of higher surface to volume
ratio (s/v) in NPs compared to that of NRs. Moreover, variations in
defect concentrations and surface states can occur for ZnO NRs [3]
and as a result, the internal bulk defect density will be more for
NRs than the NPs. It is possible that these internal bulk defects
are responsible for faster trapping and de-trapping of electron
and as a consequence faster radiative recombination rates in NRs.

Alternatively, anisotropic shape effect of ZnO NRs can also lead
to the faster PL decay. It has been reported that splitting of exci-
tonic energy levels occur upon change in aspect ratio of nanocrys-
tals, i.e. upon transition from spherical particles to elongated rods
[30–31]. Recently, Kar et al. [32] have shown that surface-defect
related PL for SnO2 NCs show similar relaxation dynamics as ob-
served in our measurements, i.e., a faster PL decay is observed
for NRs (�25 nm diameters) as compared to NPs which has been
ascribed to shape changes of the NCs. It is therefore plausible that
for ZnO NCs, topological surface states will arise from the removal
of degeneracy upon transition from spherical NPs to NRs. It is
noted that the surface states are known to be strongly dependent
on the surface curvature variations which lead to localization of
new states along the surface [30,33]. Moreover, for the cylindrical
shape NCs the carrier motion is free along the long axis [30],
whereas the carrier may be trapped on an undulating surface.
Hence, lowering of symmetry in ZnO NRs as compared to spherical
NPs might lead to the fast decay dynamics as observed in our
experiments.
4. Conclusions

Our results show that size and shape of quantum-confined ZnO
nanostructures influence the carrier recombination dynamics
involving defect states in a very contrasting manner. The PL decay
becomes slower with increasing NP size and shows saturation ten-
dency in the weak-confinement regimes (d �6 nm). These changes
in the lifetime components and their relative contributions are
likely to be due to reduction in coupling between the exciton
and the surface defect states upon increasing particle size from 2
to 6 nm. However, the carrier recombination dynamics through
the defect states for NRs is found to show an opposite trend and
become considerably faster as compared to NPs of similar diame-
ters. The differences in emission energy dependent dynamics for
either NPs or NRs are found not to be due to pronounced change
in the lifetime components. Rather, the relative contributions to
the radiative lifetimes are altered dramatically; for NPs the slower
pathway is the preferred recombination channel, while it is the re-
verse for NRs. This is likely to be due to manifestation of topolog-
ical surface states and alteration in defect densities for the
anisotropic NRs.
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